The antioxidant and anti-inflammatory properties of the marine red alga Neorhodomela aculeate (N. aculeata) MASUDA were investigated with neuronal and microglial cells. Extracts of N. aculeata had potent neuroprotective effects on glutamate-induced neurotoxicity and inhibited reactive oxygen species (ROS) generation in the murine hippocampal HT22 cell line. Also, extracts of N. aculeata inhibited H 2 O 2 -induced lipid peroxidation in rat brain homogenates. The properties of the extract as an anti-inflammatory agent were investigated in microglial activation by interferon-gamma (IFN-g g): it reduced the inducible nitric oxide synthase that consequently resulted in the reduction of nitric oxide. These results suggest that the marine red alga N. aculeata could be considered as a potential source for reducing reactive oxygen species and inflammation related to neurological diseases.
Oxidative stress, failures to keep the balance between the production of reactive oxygen species (ROS) and their removal, has been implicated in the progression of many neurodegenerative diseases including Alzheimer's disease (AD) and stroke. [1] [2] [3] [4] [5] Inflammation is characteristic of brain tissue, pathologically affected by neurological diseases such as AD and Parkinson's disease. 6, 7) Cognitive deficits due to aging and AD are related to the increased vulnerability to oxidative stress and inflammation. 8) Therefore, it is rational to regulate the amount of oxidative free radicals and microglial activation as a therapeutic approach. [9] [10] [11] [12] Specifically, an agent with antioxidant and anti-inflammatory properties would be more effective in preventing brain diseases with ROS and inflammation [12] [13] [14] than other agents with only antioxidant properties.
Natural marine products, having both antioxidant and anti-inflammatory activities, have received extra attention due to their potential pharmacological activities. [15] [16] [17] [18] Neorhodomela aculeata (Rhodomela confervoides) has been used by the Chinese for centuries for the treatment of certain illnesses. 19) The methanolic extract of N. aculeata and a number of bromophenol metabolites isolated from their methanolic extract have antibacterial activities. 20) However, no pharmacological properties of N. aculeata have been reported as antioxidant and anti-inflammatory agents in the brain. Therefore, these experiments were conducted to evaluate the properties of the methanolic extract of N. aculeata with neuronal cells and microglial cells.
MATERILAS AND METHODS

Materials
Dulbecco's Modified Eagle's Medium (DMEM), Modified Eagle's Medium (MEM), fetal bovine serum (FBS), and trypsin-EDTA were purchased from Gibco BRL, and the culture dishes and flasks were acquired from Becton Dickinson. Glutamate was obtained from SigmaAldrich (St. Louis, MO, U.S.A.), and the lipid peroxidation assay kit and IFN-g were acquired from Calbiochem. The Griess reagent kit, 5-(and-6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate were obtained and the ROS detection reagent were acquired from Molecular Probes. An antibody against iNOS was purchased from Upstate Biotechnology (Lake Placid, NY, U.S.A.).
Preparation of Crude Extract for Screening Specimens of N. aculeata were collected on the rocky shore at Padori (36°44ЈN, 126°07ЈE), Taean, Korea, in March 2003. The specimens were transported in a plastic bag to the laboratory and cleaned with tap water to remove salts and detritus. The air-dried alga N. aculeata (96 g) was cut into small pieces and soaked in MeOH-H 2 O (95 : 5) at room temperature for 1 week. The methanolic solution was filtered and evaporated using a vacuum rotary evaporator at a low temperature (Ͻ32°C). The crude extract was freeze-dried in a freeze dryer (TFD5505, ILshin, Korea) at Ϫ50°C and crushed into powder. The yield of methanolic crude extract in N. aculeata was 2.3 g, which included various chemicals such as phenols, alkens, terpenoides and fatty acids and so on.
DPPH Scavenging Assay The reactivity of the N. aculeata with DPPH was estimated according to the method used by Kato 21) with the slight modifications. In brief, the reaction mixtures containing various concentrations of N. aculeata and ethanolic solution of 1,1-diphenyl-2-pycryl-hydrazyl (DPPH) (final concentration 100 mM) were incubated at 37°C for 30 min, and the absorbance at 517 nm was followed spectrophotometrically. The percent scavenging activity was determined by comparison with the vehicle-treated control group and calculated according to the equation, inhibition (%)ϭ[(abs control Ϫabs sample )/abs control ]ϫ100.
Cell Culture HT22 cells were cultured in DMEM and supplemented with 10% FBS, as described in elsewhere. 10) A BV-2 immortalized murine microglial cell line was received from Dr. E. Joe at Ajou University.
11) It was confirmed that the BV-2 cells retain most of the morphological, phenotypical, and functional properties of freshly isolated microglia by Blasi et al.
22 3 cells/well) for 16 h before treatment. 5 mM glutamate and N. aculeata were co-treated and incubated for 24 h in a growth media (DMEM with 10% FBS). WST-8 (Dojindo, Japan) was treated for 1 h and detected with a plate reader (Benchmark, Bio-Rad) at a wavelength of 450 nm.
ROS Measurement HT22 cells (2.5ϫ10 4 ) plated in a 24-well dish were treated with 5 mM glutamate in the presence or absence of N. aculeata, and incubated for 11 h. After washing with PBS, the cells were stained with 10 mM DCFDA in Hanks' balanced salt solution for 30 min in the dark. Then, cells were washed twice with PBS and were then extracted with 1% Triton X-100 in PBS for 10 min at 37°C. Fluorescence was recorded with an excitation wavelength of 490 nm and an emission wavelength of 525 nm (SPECTRAmax Gemini XS, Molecular Devices).
Lipid Peroxidation Analysis Rat brain tissue perfused with 0.9% NaCl containing EDTA, was minced and homogenized in 20 mM Tris-HCl, pH 7.4 (0.1 g/ml), and then centrifuged at 3000ϫg for 10 min at 4°C. The supernatant (40 ml) was incubated with 10 mM H 2 O 2 to induce lipid peroxidation at 37°C for 60 min. N. aculeata was used in combination with H 2 O 2 to test the inhibitory effects on the H 2 O 2 -induced lipid peroxidation. Lipid peroxidation in the supernatants was assayed using a lipid peroxidation assay kit (Calbiochem). Briefly, the supernatants were mixed with Nmethyl-2-phenylindole in acetonitrile and methanesulfonic acid, incubated for 40 min at 45°C, cooled on ice, and then the malondialdehyde (MDA) and 4-hydroxyalkenals (4-HAE) were measured. The absorbance changes were measured at 586 nm using a microplate reader (Powerwave X TM , Bio-TEK Instruments) to detect MDA and 4-HAE.
Determination of NO The microglial cells were plated in 48-well plates (2ϫ10 4 cells/well) and treated with IFN-g for 24 h. The amount of nitrite formed from NO was measured according to the manufacturer's protocol (Molecular Probes). Briefly, an amount of nitrite was reacted by mixing a 150 ml culture medium diluted in 130 ml distilled water with a 20 ml Griess reagent (0.1% naphthylethylene diamine, 1% sulfanylamide, 2.5% H 3 PO 4 ). After incubation for 30 min at room temperature, the reaction was stopped, and the optical density was measured at a wavelength of 548 nm.
Western Blot Analysis The cells were washed twice with cold PBS, and then lysed in an ice-cold modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% Na-deoxycholate, 150 mM NaCl, 2 mM EDTA, 1 mM Na 3 VO 4 , and 1 mM NaF) containing protease inhibitors (2 mM PMSF, 100 mg/ml leupeptin, 10 mg/ml pepstatin, and 1 mg/ml aprotinin). The lysate was centrifuged for 20 min at 12000ϫg at 4°C, and the supernatant was collected and quantified using the bicinchoninic acid method. Next, the proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to a PVDF membrane. The membrane was incubated with a primary antibody (Ab) against iNOS or actin; next, it was incubated with the HRP-conjugated secondary Ab (Santa Cruz), which was visualized using an ECL system, and then developed onto Hyperfilm (Amersham). The relative expression levels of iNOS were determined by densitometry and normalized by actin.
Statistical Analyses In the cytotoxicity and lipid peroxidation, the data were calculated with a percentage of untreated glutamate control, whereas the inflammatory data were calculated with a percentage of treated IFN-g only. All data were expressed as the meanϮS.E.M. First, the changes in cell viability, ROS, lipid peroxidation, and NO from experimental treatments (glutamate, H 2 O 2, and IFN-g) were compared to the conditions without these treatments and these were statistically examined with a t-test. Next, a oneway analysis of variance (ANOVA) was conducted to see the effects of N. aculeata on conditions with these experimental treatments. Following this, post hoc analyses (Fisher Test or T-test) were conducted in order to see the minimum effective dose of N. aculeata. p values less than 0.05 were considered significant, unless otherwise specified.
RESULTS
Extract of N. aculeate and the Neuroprotective Activity
To examine whether N. aculeata are able to act as neuroprotectants, the cell viabilities were investigated with HT22 cells. The glutamate treatment increased neuron cell death to 90% (8.53Ϯ0.27), compared with untreated cells (100.00Ϯ1.09) (t(1, 10)ϭ82.22, pϽ0.001; see Fig. 1 ). The viability of HT22 cells co-treated with N. aculeata was increased in a dose-dependent manner (F(6, 35)ϭ339.04, pϽ0.001; Fig. 1 ). At 30 mg/ml, N. aculeata significantly increased viabilities (22.88Ϯ1.55), and at 50 mg/ml it increased cell viabilities by 68% (78.92Ϯ3.12). However, the viabilities increased by N. aculeata at 100 mg/ml (67.62Ϯ2.60) were less than the 50 mg/ml results, which might be explained by the cytotoxic effect of N. aculeata itself on the HT22 cells ( Fig. 2A) . N. aculeata showed a little cytotoxic effect from 50 mg/ml (pϽ0.01) and notably decreased cell viabilities at 100 mg/ml (pϽ0.01) (see Fig. 2A ). In addition, N. aculeata itself showed cytotoxic effect at 100 mg/ml on the Fig. 1. N 
. aculeata Had Potent Neuroprotective Effects
The survival rate of a HT22 cell was around 8.5% when the cells were treated with 5 mM glutamate for 24 h compared with those without glutamate ( * ). The cell viability of HT22 cells co-treated with N. aculeata at 30 mg/ml and 50 mg/ml increased, but decreased at 100 mg (#). nϭ6 per group.
BV-2 cells (pϽ0.01) (see Fig. 2B) .
Extract of N. aculeate, DPPH, Lipid Peroxidation and ROS N. aculeata also showed moderate DPPH radical scavenging activities against active oxygen species with IC 50 ϭ90 mg/ml (see Fig. 3A Fig. 3B ). N. aculeata suppressed the H 2 O 2 -lipid peroxidation in a dose-dependent manner (F(4, 25)ϭ35.11, pϽ0.001). At 5 mg/ml, N. aculeata inhibited lipid peroxidation significantly (204.61Ϯ14), and at 20 mg/ml, it inhibited the lipid peroxidation entirely (122.73Ϯ14.60; see Fig. 3B ). Next, to investigate whether N. aculeata have ROS scavenging activities, the effects of N. aculeata on glutamate-induced ROS generation in HT22 cells was examined. The amount of ROS was 1.8 fold higher in the glutamate treatment condition than in the untreated glutamate condition (t(1, 6)ϭ2.94, pϽ0.05; see Fig. 3C ). N. aculeata effectively suppressed the glutamate-induced ROS generation in hippocampal neuron cells at 50 mg/ml (pϽ0.08) and at 100 mg/ml (pϽ0.05), comparing to the glutamate treatment condition (see Fig. 3C) .
Extract of N. aculeata, NO, and iNOS The effects of N. aculeata on the NO were investigated in IFN-g activated microglial cells. The accumulation of nitrite (an indicator of IFN-g stimulated production of NO) was determined 24 h after the IFN-g treatment of the cultured microglial cells. As shown in Fig. 4A , IFN-g induced robust increases of NO (t(10)ϭϪ37.71, pϽ0.001). N. aculeata in IFN-g treated microglial cells effectively suppressed the increase of NO in a dose-dependent manner (F(6, 35)ϭ197.60, pϽ0.001). At 5 ug/ml, N. aculeata significantly attenuated the production of NO by 17% (263.67Ϯ1.05) from the group with IFN-g treatment only (297.57Ϯ5.03; see Fig. 4A ). N. aculeata at 30 mg/ml and 50 mg/ml attenuated the production of NO by 69% (161.41Ϯ6.43) and 84% (131.78Ϯ7.42), respectively (see Fig. 4A ).
The effects of N. aculeata on the expression of iNOS key enzymes in the inflammatory processes were examined in the activated microglia. IFN-g significantly induced the expression of iNOS, but the co-treatment of N. aculeata with IFN-g suppressed the induction in a dose-dependent manner (see 
DISCUSSION
It is widely believed that free radicals and reactive oxygen species (ROS) are important causative factors in the development of aging-related diseases such as neurodegenerative diseases, cancer, and cardiovascular diseases.
1) Endogenous antioxidants and natural antioxidants in fruits, vegetables, and seaweeds are useful in preventing the deleterious consequences of oxidative stress. 13, 23, 24) In this study, the antioxidants effect of N. aculeata were evaluated in three different ROS assays, including DPPH, glutamate-induced ROS generation with HT22 cells, and lipid peroxidation with brain homogenate.
The free radical-scavenging activities of N. aculeata were evaluated using the DPPH test and H 2 O 2 -induced lipid peroxidation in rat brain homogenates. N. aculeata showed a moderate DPPH scavenging activity (IC 50 ϭ90 mg/ml) and effectively inhibited the lipid peroxidation induced by H 2 Cells of the immortalized mouse hippocampal cell line HT22 are vulnerable to beta amyloid and glutamate. 25, 26) In particular, the cell death of HT22 cells by a challenge with glutamate is mediated through increased ROS because of the lack of glutamate receptors. 26) Therefore, HT22 cells provide a good model system for studying neuronal cell degeneration and screening for possible agents that prevent glutamate-induced cell death, such as antioxidants. 27) N. aculeata and glutamate were co-treated in the HT22 cells to measure the neuroprotective activities of N. aculeata on glutamate-induced cell death. The neuroprotective effects of N. aculeata appeared from 30 mg/ml and reached a maximum at 50 mg/ml, and then decreased at 100 mg/ml, which might be due to cytotoxic effect of N. aculeata itself. And it is suggested that neuroprotective effects of N. aculeate be mediated through scavenging ROS, as evidenced by Schubert and his colleagues. 26, 27) In this study, it was also determined that the extract of N. aculeata reduced ROS generation induced by glutamate treatment for 11 h (Viabilities of HT22 cells were not affected by treatments of the extract of N. aculeata and glutamate for 11 h). These results suggest that N. aculeata protect neurons through reducing ROS.
However, the cytotoxicities of N. aculeata on the HT22 cells and BV-2 cells appeared weakly at 50 mg/ml and significantly at 100 mg/ml. These cytotoxic effects of N. aculeata could also be inferred by the fact that the effects of N. aculeata on H 2 O 2 -induced lipid peroxidation and glutamate-induced cell death were decreased at 100 mg/ml compared with 50 mg/ml.
Epidemiological studies showing that the long-term use of non-steroidal anti-inflammatory drugs (NSAIDs) reduces the risk and delays the onset of AD have also been suggested that inflammation in the brain participates in the pathogenesis of some neurodegenerative diseases, including AD. 6, 7) Therefore, anti-inflammatory agents have attracted much attention as a novel intervention for neurodegenerative diseases. 14, 28) We further examined whether N. aculeata inhibited neuroinflammation in cultured rat brain microglia cells. Our results showed that N. aculeata decreased NO production and iNOS expression in a dose-dependent manner in IFN-g activated microglia cells. That is, N. aculeata suppressed NO production by inhibiting the iNOS expression in transcriptional levels. However, inhibitory effects of N. aculeate on IFN-g induced NO production were appeared in the lower concentration, comparing with the concentration of having inhibitory effects on IFN-g induced iNOS. But it is not unusual, considering that NO production is tightly regulated at several levels 29) and extracts were used in these experiments.
In red algae, bromophenols (a kind of phenols) of Polysiphonia ulceolata and Symphycladia latiuscula showed antioxidant effects. [30] [31] [32] Phillips and Towers 33) reported that N. aculeata has bromophenols as well. Thus, in the extract of N. aculeata, the potential candidate chemical showing antioxidant effects seem to be a kind of phenols such as bromophenols. These chemicals might also have anti-inflammatory effects, like sesame antioxidants inhibited LPS-induced NO production in BV2 microglial cells. 34) But further studies are needed to determine which components of N. aculeate medi- ate antioxidant and anti-inflammatory effect.
Oxidative damage and neuroinflammation are closely associated with the progression of AD and the other neurological diseases. 6) In the search for antioxidant and anti-inflammatory agents to reduce ROS and inflammation, this study opens the possibility of N. aculeata as an invaluable source for the development of effective neuroprotective or anti-inflammatory agents to treat aging-related neurological diseases by scavenging free radicals or inhibiting microglial activation.
